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Based on two recent papers

Dark Nuclei I: Cosmology and Indirect Detection —1406.2276

Dark Nuclei Il: Nuclear Spectroscopy in Two-Colour QCD —
1 406.41 |6

Work in collaboration with Matthew McCullough & Andrew
Pochinsky



Composite nature of baryonic matter motivates consideration
of composite models for dark matter

Here focus on two-colour QCD with two flavours of
fundamental fermions

Numerically feasible (cheaper than QCD)

Recently considered in this context by Lewis et al,, Nell &
Buckley, Hietanen et al.

Also Investigations of quenched Nc=4 QCD and other theories
In this context



Global flavour symmetry SU(2)xSU(2)r enlarges to SU(4)

Pseudo-reality of SU(2) - right and left handed quarks can be
combined into multiplets

[ u )
d SU(4)
U = —z'agLC'ﬂ;E \D%exp( E HT)\IJ

Strong interactions result in condensate that spontaneously
breaks the global symmetry: SU(4)— Sp(4)~5SO(5) [Peskin 1980]

Numerical calculations have significant explicit symmetry
breaking: my=md~Aoc:p




Simplest colour singlets

Degenerate

“Pions”: t~uysd, m0~uysu + dysd, s ~dysu [P=0
}SO(S) multiplet

(anti-)""Nucleons™: ud, ud JF=0"

"Rhos™: st ~uyud, w0~Uyuwu + aYud, 7'3+~aYMU =1 Degenerate
SO(5) multiplet

(anti-)“Deltas” uyuysd, Uyuysd JP=1*
Axial vector, scalar, tensor mesons + associated baryons
Spectrum studied by [Hietanen et al. [404.2/94 ]

Pion multiplet are Goldstone bosons of ¢SB: SU(4)— Sp(4)


http://arxiv.org/abs/arXiv:1404.2794

Colour singlets can combine
Two-, three-, ... particle scattering states

“Nucler” for sufficiently attractive interactions—not a priori obvious
Two “pions” combine to give 25 of states: 5&5=1D 10D |14
J=0 systems, contains B=2,1,0,-1,-2 states

“pion”+ “rho’: |=1 systems with same flavour breakdown

;95' Dg,o Dlli,O Dlli,—l Dlli,l \ Dﬁlb = Tr(D") ,

23’0 _S‘lﬁ Doy Do Do DY, = 3.(Dﬂ — prT)

Diy D'y S Db, Df, fo = 3 ,

Di_ 1D, Dy, Sy Dj, 1 .

_ =) Y o ) D:u — _ D:u’_l_D,u __T D'ul
\ Dy, DYy Doi+ Dy, S& ) 14 = 9 ( ) r(D")15
Higher body systems: |=0, |, flavour = o n=2...8
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Label ﬁ my L3 xT N traj

A 1.8 ~1.0890 123 x 72 5,000

163 x 72 4,120

20° x 72 3,250

. . . B 2.0 ~0.9490 123 % 48 10,000
Wilson gauge and fermion actions 16 x 4 1000
20° x 48 3,840

: : U3 x 48 2,930

16 x 48 9,780

4 B values, 6 masses ks 10,000
D 2.0 ~0.8500 123 x 48 9,990

16 x 48 5,040

3 or 4 volumes per choice (p ,mo) 16°x 7 5,000
20° x 48 5,000

. 243 % 48 5,050

Long streams of configurations P 21 07700 2 %72 500
163 x 72 5,000

20° X 72 4,300

F 2.2 ~0.6000 123 x 72 5,000

163 x 72 5,000

20° x 72 5,000




Extract spectrum of multi-baryon states from correlators

Con(t) = <0 (Z oﬁ(x,t)> (oﬁ(xo,to))” 0>
O\ () = <0 (Z OF (x t) > OX (x,1) (OST(XO,tO)) O3 (x0, o)

)
O{N,Ai},s (Xa t) — %I (Xa t) <_i0_2)0{17 7i75}¢d(xa t)

| ocal and smeared sources and sinks

AIm to extract ground state, but need to be careful of thermal
effects (use full thermal behaviour of correlator;, multiple T's)

Final method - correlated single exp fit of shortened time range




SU(2) multi-baryon contractions
equivalent to maximal isospin multi-
meson contractions

Clear from degeneracies but explicitly
S(y,z) = C(—ioy)'S(x,y)" (—ioy)C
S(ya Cl?) — 75ST($7 y)fy5

Use algorithms from Ne=3 QCD
(WD & Savage 201 |, WD Orginos, Shi 201 2]

(n-1)NA ~ mixed pion-kaon contractions
WD & Smigielski 201 1]

>

Ex:: three types of contractions
for 1=3 stmwer and NNN
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Example effective mass plots

su2_wl2_20_48_b2p0_mOp9200
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~

s for different volumes

Energy shi
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It bound/scattering state, expect

—rL
Hy: ABpuwa(L) = —AE, [1+C ‘ ] |

L
| _21A(n A AN
Hy: APEsuue(L) = W(2> 1 — (W—L)I+ <W—L> Z° + (2n — 5)J]

Assess support for each hypothesis using the Bayes factor™
_ P(D|Hy) | P(D|Hy, p1)P(p1|H1)dp:

B
T Is

K = _
P(D|Hsy) [ P(D|Ha, pa)P(p2| Ha)dps
1 < [d; — Hy(z;;p:)]
where 1o, p(D|H;, p;) = _52 i~ Hilzip
O

j=1 J

and P(pi|Hi) are broad prior distributions

It 2 In[K] > 6 :"strong evidence” of preference for H, over H>
then ask what are the bounds on the binding energy

*Kass and Raftery (1995). Journal of the American Statistical Association 90 (430): 791.



Infinite volume extrapolations
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Simple continuum limit extrapolation of binding momentum, v

o InN,A (a,’ m) — 77(3\)[’ A —+ a 5?(1a) + m7r2 6 7(7Jm)

d
d 7T
|

10

Y/ fx Y/ fe

040.0

NB: physical scale set by demanding =246 GeV (arbitrary)
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J=0 nucler: very likely unbound (small K; all positively shifted)

J=1, strong evidence for bound states for B=2,3, perhaps 4
3=),.,8 seem unbound
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The ubiguity of nuclel?

Nc

=3, my= 140 MeV
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Ti V Cr Mn Fe Co Ni Cu Zn

Titanium Vanadium Chromium  Manganese Iron Cobalt Nickel Copper Zinc
47.88 50.942 51.996 54.938 55.933 58.933 58.693 63.546 65.39
40 41 42 43 44 45 46 47 48
Zr Nb Mo Tc Ru Rh Pd Ag Cd
Zirconium Niobium i i Rhodium Palladium Silver ‘Cadmium
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73 74 75 76 77 78 79 80
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Phenomenology

Presence of nuclear binding energies:
new scale for phenomenology can be
significantly different than Aqcp

New processes in dark sector: dark
nucleosynthesis, dark capture processes

Modify early universe cosmology
(both symmetric & asymmetric
scenarios)

Significant modifications to dark matter
capture in astrophysical bodies

Very rich phenomenology!




